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Abstract

A method is proposed for conditioning electron beams via Thomson scattering. The conditioning

provides a quadratic correlation between the electron energy deviation and the betatron amplitude

of the electrons, which results in enhanced gain in free-electron lasers. Quantum effects imply

conditioning must occur at high laser fluence and moderate electron energy. Conditioning of x-ray

free-electron lasers should be achievable with present laser technology, leading to significant size

and cost reductions of these large-scale facilities.

PACS numbers: 41.60.Ap, 41.75.Ht, 41.60.Cr, 29.27.Eg
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A single-pass, high-gain free-electron laser (FEL) operating in the self-amplified sponta-

neous emission mode has received much recent attention as a next generation light source

producing intense, coherent x rays [1–4]. The performance of the FEL is limited by the elec-

tron beam quality, and typically the most demanding requirement is the transverse beam

emittance. Beam conditioning [5–8] has been proposed as a method of mitigating this limita-

tion by producing a correlation between the energy and betatron amplitude of the electrons.

In this article we propose a new conditioning mechanism based on Thomson backscattering.

The FEL resonance condition is (1− vz/c)λu = λ, where λ is the radiation wavelength,

λu is the undulator wavelength, and vz is the electron axial velocity. The spread in axial

velocity owing to a spread in beam energy and the betatron motion generates a deviation

of the radiation frequency from the resonant frequency ωr = 2ωuγ
2

r/(1 + a2

u/2) = 2πc/λr,

where ωu = 2πc/λu = cku, γr is the Lorentz factor of the resonant electron beam energy,

and au the normalized vector potential of the undulator magnetic field. Assuming an energy

deviation δγ = γ − γr, and taking into consideration the transverse motion of the electrons

in the focusing fields, characterized by the betatron wavenumber kβ, the relative frequency

deviation is

ω̂ = (ω − ωr)/ωr = 2δγ/γr − (λu/λr)k
2

βR
2/2 , (1)

where R is the betatron amplitude (the maximum transverse excursion of the electron orbit

from the axis) at the undulator.

The deviation from the resonant frequency Eq. (1) will reduce the gain of the FEL and

degrade the performance. The exponential gain of the radiated power in a high-gain FEL

[1–3] can be expressed as PFEL ∝ exp(Lu/Lg), where Lu is the undulator length, and the

power gain length is Lg = (2
√

3ρku)
−1[1 + (ω̂/2ρ)2/9] assuming (ω̂/2ρ)2 < 1, where ρ is

the FEL parameter [1]. The gain length reduces to Lg = (2
√

3ρku)
−1 for (ω̂/2ρ)2 � 1, i.e.,

δγ/γr � ρ and (λu/λr)(k
2

βR
2)/4 � ρ. The later condition can be expressed in terms of the

beam emittance ε = kβR
2 � 4ρλr/(kβλu). This emittance constraint can be eliminated by

conditioning the beam [5] such that the energy deviation from resonance of each electron is

proportional to the square of its betatron amplitude, namely

δγ/γr = (λu/λr)k
2

βR
2/4 . (2)

A conditioned beam satisfying Eq. (2) has ω̂ = 0 for each electron (provided the uncorrelated

relative energy spread is much less than ρ), and the power gain length is minimized. For
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FIG. 1: Schematic of beam conditioning via Thomson backscattering. Two Gaussian laser pulses

provide the nonlinear correlation between the energy deviation and the betatron amplitude.

example, consider parameters relevant to the proposed Linac Coherent Light Source (LCLS)

[4] x-ray FEL: λr = 1.5 Å, k−1

β = 18 m, λu = 3 cm, γrε = 1.2 mm mrad, and γr = 2.8× 104,

then Eq. (2) implies a conditioned energy deviation of δγ ∝ R2 with δγ(R = rb) ' 3, where

rb is the beam radius. This nonlinear energy deviation correlation should be achievable using

Thomson scattering with present laser technology, as discussed in this Letter.

Several techniques for achieving the correlation Eq. (2) have been proposed using conven-

tional (radio-frequency) accelerating and focusing structures [5, 6] or by vacuum acceleration

[7]. Recently it was shown [8] that any beam conditioning using symplectic beam lines re-

sults in a strong beam head-tail focusing variation, which produces transverse emittance

growth, severely limiting the benefits of conditioning with these conventional methods.

In this Letter, Thomson backscattering (TB) [9] of an intense laser pulse with the rel-

ativistic electron beam is proposed as a method of FEL conditioning. The number of TB

photons (i.e., electron energy loss) is proportional to intensity of the laser pulse, which de-

creases off axis for a focused laser pulse. Therefore, TB of an intense focused laser pulse

produces a correlation between the energy loss by an electron and its transverse location in

the laser field, thus allowing beam conditioning (a schematic of the basic idea is shown in

Fig. 1). Furthermore, the transverse force of the laser pulse on the beam is axially uniform,

thus minimizing emittance growth. Limitations imposed by quantum fluctuations imply

that conditioning must occur at high laser fluence and modest beam energy. For parameters

of proposed x-ray FELs, TB conditioning requires ∼ 102 J in ∼ 10 ps, which is achievable

with present laser technology, however, at low repetition rates (. 1 Hz).

TB was previously proposed as an incoherent x-ray source [9, 10] and as a cooling method
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for relativistic beams [11–14]. The TB radiation frequency is [9]

ωT = Nh4γ
2

0ωL/(1 + a2

0/2 + γ2

0θ
2) , (3)

assuming γ2

0
� γ2

⊥
and small scattering angle θ2 � 1, where γ2

⊥
= (1 + a2

0
/2), ωL = ckL =

2πc/λL is the laser frequency, γ0 is the Lorentz factor of the electron, a0 is the normalized

vector potential of the laser field, and Nh is the harmonic number. In the low-intensity

limit a2

0
� 1, radiation is scattered only at the fundamental Nh = 1. In the nonlinear

limit a2

0 � 1, many harmonics are produced, peaked near the critical harmonic number

Nh = 3a3

0
/
√

8 for a circularly polarized laser.

For simplicity in the following analysis, a circularly polarized Gaussian laser field is

considered with a normalized vector potential a = eA/mc2, in the Coulomb gauge, given

by a = (â0/
√

2)[cos(kLη)x̂+sin(kLη)ŷ], where â0 = a0 exp(−r2/r2

L), rL is the laser spot size

(kLrL � 1 is assumed), and η = z + ct (the laser pulse travels in the −ẑ direction and the

electron beam in the +ẑ direction). Diffraction is neglected, which is valid provided that

the laser pulse length cτL and electron beam length σz are less than the Rayleigh length

ZR = πr2

L/λL. The laser power and intensity are given by PL[GW] ' 21.5(a0rL/λL)2 and

IL[W/cm2] ' 1.37× 1018a2
0/(λL[µm])2, respectively.

The Lorentz equation, du/dt = ∂a/dt− (u/γ)× (c∇× a), can be solved for the motion

of the electrons in the laser field, where γ = (1 + u2)1/2 and u is the electron momentum

normalized to mc. In the limit kLrL � 1 there exists two constants of motion: d(u⊥ −
a⊥)/dη = 0 and d(γ + uz)/dη = 0 (i.e., transverse canonical momentum conservation and

energy conservation in the wave frame). These equations can be integrated to yield the

electron momenta u⊥ = a⊥ and uz = (γ0 +u0)/2− (1+ â2
0/2)/[2(γ0 +u0)], and, prior to the

interaction with the laser, γ = γ0 and uz = u0 are assumed.

The power radiated by a single electron can be calculated from the relativistic Larmor

formula [15]

P = (2/3)e2c(γ + uz)
2[(du/dη)2 − (dγ/dη)2] . (4)

Using the electron orbits yields P ' e2c(γ + uz)
2k2

Lâ
2

0
/3. The electron energy loss is

mc2dγ/dt = −P , or, assuming γ � 1,

dγ/dt = −(4/3)γ2reck
2

Lâ
2

0
, (5)

where re = e2/mc2. Equation (5) is valid provided the transverse canonical momentum is

approximately conserved u⊥ ' a⊥. By including the radiation reaction force, this holds
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provided 4kLreγ
2

⊥
γ/3 � 1, which is typically well-satisfied. Equation (5) has the solution

γ ' γ0(1+2t/τR)−1, where t is the beam-laser interaction time (e.g., for a relativistic electron

beam t = τL/2) and τR = (2recγ0k
2

Lâ
2
0/3)−1 is the radiation damping time. In practical units

(assuming rb � rL), τR[ns] ' 45λ2

L[µm]/(γ0a
2

0
) ' 6.2×1019/(Eb[MeV]IL[W/cm2]), where Eb

is the electron beam energy. For example, τR ' 6 ns for Eb = 100 MeV and IL = 1017 W/cm2.

Since higher energy electrons radiate more strongly than lower energy electrons, laser

radiative cooling of electron beams can occur [11–14]. The normalized energy γ, root-mean-

square energy spread σγ , and normalized transverse emittance εn = γε = εn0γ/γ0 of the

beam decrease via

γ = γ0 (1 + τL/τR)−1 , (6)

σγ ' σγ0 (1 + τL/τR)−2 , (7)

εn ' εn0 (1 + τL/τR)−1 , (8)

where σγ0 and εn0 are initial values. Laser cooling is limited by quantum excitation from

discrete photon scattering [12–14].

For electrons within the spot size of the laser, r2 � r2

L, the normalized intensity of the

laser has a quadratic dependence on radius, i.e., â2

0
' a2

0
(1 − 2r2/r2

L). For r2 � r2

L, the

electron energy after TB, given by the solution to Eq. (5), is

γ ' γ0 (1 + γ0κRcτL)−1 +

(

2γ2

0κRcτL
1 + γ0κRcτL

)

r2

r2

L

, (9)

where κR = 2rek
2

La
2

0
/3. In practical units, κRcτL ' 10−3UL[J]/r2

L[µm], where UL is the laser

beam energy. As Eq. (9) indicates, TB produces the desired quadratic dependence of the

energy on radius as required for beam conditioning.

For a beam undergoing betatron oscillations in a conventional beam lattice, with beta

function β0, before entering the FEL undulator, the simplest TB conditioner would require

two laser pulses (with identical laser parameters). The first pulse would modify the energy

of each electron such that γ1 ' γ0 − γ2

0
κRcτL + (2γ2

0
κRcτL/r

2

L)r2

1
, assuming γ0κRcτL � 1.

The transverse position of an electron in the lattice can be represented by r2
1 = [x0 cosφ +

β0(dx/dz)0 sinφ]2 + [y0 cos(φ+ ϕ) + β0(dy/dz)0 sin(φ+ ϕ)]2, where the subscript 0 denotes

the initial value, φ ' z/β0, and ϕ is a constant. The electron beam would then be allowed

to obtain a π/2 phase advance in the lattice, such that the transverse position becomes r2
2 =

[x0 cos(φ+π/2)+β0(dx/dz)0 sin(φ+π/2)]2+[y0 cos(φ+ϕ+π/2)+β0(dy/dz)0 sin(φ+ϕ+π/2)]2.
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At this point the beam would interact with the second laser pulse, modifying the electron

energy such that γ2 ' γ0 − 2γ2

0
κRcτL + (2γ2

0
κRcτL/r

2

L)R2

0
, where R0 = (r2

1
+ r2

2
)1/2 is the

betatron amplitude at the conditioner. If the electron beam is then accelerated to the

resonant energy for the FEL interaction γr = (1 + a2

u/2)1/2(ωr/2ωu)
1/2, the resulting energy

deviation δγ = γ− γr is δγ ' (2γ2

0
κRcτL/r

2

L)R2

0
. The betatron amplitude at the conditioner

is related to the betatron amplitude at the undulator by the invariant γ0R
2
0/β0 = γrkβR

2.

This TB method can satisfy the beam conditioning criterion Eq. (2) provided

2γ0β0κRcτL/r
2

L = (λu/λr)kβ/4 . (10)

Multiple (M) applications of this TB method with 2M laser pulses could be considered to

reduce the laser energy per pulse (UL/M).

The laser pulse also provides a transverse ponderomotive force to the electrons F⊥ =

−mc2∇⊥γ = −(mc2/γ0γ⊥)∇⊥(â2

0
/4), which will result in a transverse electron momentum

kick δp⊥ ∼ F⊥τL ∼ (mc2/γ0γ⊥)a2

0
τLrb/r

2

L. This can be neglected provided δp⊥ � p⊥ =

(γ0mc)rb/β0. This condition implies β0 � γ⊥γ
2
0r

2

L/(a
2
0cτL), which can be easily satisfied by

using strong external focusing during conditioning.

The above results are based on a classical analysis that neglects discrete photon scattering

effects. This is valid if the number of photons scattered per electron Nγ is large, i.e., Nγ � 1,

where Nγ = −∆γ(mc2/~ωT ) or

Nγ = (πα/3)(cτL/λL)(a2

0
/Fcr) , (11)

where ∆γ ' −γ2

0
κRcτL is the electron energy loss, ωT = 4γ2

0
ωLFcr is the on-axis (θ = 0) TB

photon frequency, and α = e2/~c ' 1/137. Here, Fcr = 1 for a2

0
� 1, and Fcr ' 3a0/

√
8 for

a2
0 � 1 [9]. Note that Nγ is independent of the electron beam parameters, and the condition

Nγ > 1 places a limit on the laser fluence since Nγ ∝ λLILτL for a2

0
� 1.

A limitation of TB as a method of beam conditioning arises from the quantum-statistical

nature of scattering. The discrete scattering of a single photon generates an energy spread

~ωT/mc
2. After Nγ kicks, the total change in the beam energy spread σγ is given by ∆σ2

γ '
Nγ(~ωT/mc

2)2 ' −∆γ(4FcrλC/λL)γ2, where λC = h/mc is the Compton wavelength. Using

Eqs. (6) and (7), the decrease in energy spread from radiative cooling is given by ∆σ2

γ '
4(∆γ)σ2

γ/γ. Balancing this against the increase in energy spread due to quantum fluctuations
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yields the rate equation dσ2

γ/dγ = 4σ2

γ/γ − (4FcrλC/λL)γ2 with the solution

σ2

γ = σ2

γ0
(γ/γ0)

4 + (4FcrλC/λL) γ3 (1− γ/γ0) . (12)

The FEL interaction requires that the electron energy spread be within the FEL gain band-

width, or σγ/γr < ρ. Using Eq. (12), this condition can be expressed as

4FcrκRcτLγ
4

0
λC/λL < γ2

rρ
2 , (13)

assuming σγ0/γ0 < ρ and τL/τR < 1. In practical units Eq. (13) is

(UL[J]/λL[µm])1/2γ2

0/rL[µm] < 104γrρ, assuming a2

0 � 1. Because of the strong depen-

dence of this inequality on γ0, conditioning must be done at modest beam energy, i.e.,

typically γ0 � γr for an x-ray FEL. For example, if ρ = 5×10−4, γr = 2.8×104, λL = 1 µm,

rL = 50 µm, and UL = 100 J, the conditioning beam energy must satisfy γ0 < 840.

Quantum fluctuations can also lead to normalized transverse beam emittance growth

[12–14]. The electron receives a transverse recoil from the scattered photon. The change in

the electron divergence δψ from a single scattering event is δψ ' ~ωT θ/γmc
2. After Nγ col-

lisions, the angular spread is ∆〈ψ2〉 ' Nγ〈(δψ)2〉 ' (−∆γ/γ2)(~ωT/mc
2)〈θ2〉. The average

Thomson scattering angle is 〈θ2〉 ' γ2

⊥
/2γ2. The change in normalized emittance from the

transverse recoil is ∆εn = γβ0∆〈ψ2〉/2. From Eq. (8), the normalized transverse emittance

decrease from radiative cooling is ∆εn = (∆γ)εn/γ. Balancing this against the increase due

to the quantum fluctuations yields the rate equation γdεn/dγ = εn − (β0Fcrγ
2

⊥
λC/λL) with

the solution

εn = εn0(γ/γ0) + (β0Fcrγ
2

⊥
λC/λL)(1− γ/γ0) . (14)

To maintain good FEL performance, the emittance growth from quantum excitation should

be much less than the initial emittance β0(λC/λL)Fcrγ
2

⊥
γ0κRcτL � εn0. In practical units,

this requirement is εn0[mm mrad] � 0.24β0[cm]γ0UL[J]/(λL[µm]r2

L[µm]), assuming a2
0 � 1.

For example, if β0 = 2 cm, γ0 = 102, λL = 1 µm, rL = 50 µm, and UL = 100 J, then

εn0 � 2 × 10−4 mm mrad. For typical parameters, the growth in the beam energy spread

from quantum excitation will be a more severe constraint than the transverse emittance

growth.

The fluctuation effects described above [cf. Eq. (13)] imply conditioning must occur at

moderate electron energy. For x-ray FELs, the low-energy electron bunch is typically com-

pressed and accelerated before entering the undulator. Provided there is no particle mixing,
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bunch compression does not change the energy correlation, but will amplify the relative

energy variation [8]. The required energy variation for conditioning followed by bunch com-

pression is δγ = (σzf/σzi)[γr(λu/λr)k
2

βR
2/4], where σzf is the final and σzi is the initial

bunch length. Bunch compression will also put a more stringent condition on the uncorre-

lated electron energy spread σγ , since compression amplifies σγ by σzi/σzf .

Table I lists two examples of TB conditioning for x-ray FELs. The first example considers

a 1.06 µm glass laser system for conditioning a 1.5 Å FEL (near LCLS parameters [4]), and

the second example considers a 0.8 µm Ti:Al2O3 laser system for conditioning a 0.4 Å FEL

(near the parameters for the proposed “Greenfield” FEL [16]). Table I assumes a bunch

compression factor of σzi/σzf = 36 [4]. The beam conditioning requirement is satisfied, as

well as Nγ & 10 and the energy spread condition σγ/γr < ρ at the undulator. The laser

parameters listed in Table I are achievable with present systems, albeit at low repetition-rate

(. 1 Hz).

The above analysis and examples have assumed a Gaussian transverse laser profile with

rL � rb, i.e., much of the laser energy (for r > rb) is not used in the TB process. In

principle, the transverse laser profile can be tailored such that the intensity satisfies the

quadratic dependence It ∝ (1 − 2r2/r2

L) for r ≤ rb, and It ' 0 for r > rb [with laser power

Pt[GW] ' 21.5(a0rb/λL)2(1− r2

b/r
2

L)], thereby reducing the required laser power and energy

for TB conditioning. The effective diffraction length for such a tailored pulse containing

higher-order transverse modes will be shorter than for a Gaussian mode, and, therefore,

some form of laser guiding might be required to extend the interaction length.

This Letter has proposed and analyzed FEL beam conditioning by TB using high-power

lasers. TB can provide a quadratic correlation between the energy deviation and the betatron

amplitude of the electrons, and an expression for perfect conditioning via TB was derived.

The quantum nature of TB places limits on the applicability of this method. Requiring the

number of photons scattered per electron be large implies large laser fluences. Requiring the

energy spread induced by quantum fluctuations be small implies modest electron energies,

i.e., typically TB conditioning must be done before accelerating the beam to the full FEL

resonant energy for short-wavelength FELs. Examples relevant to proposed x-ray FELs

indicate that TB conditioning is achievable with present-day technology. The repetition-rate

of such laser systems is currently limited, but newly emerging diode-pumped, short-pulse

laser technology is a promising path to higher average power. By using TB to condition
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TABLE I: Parameters for TB conditioning of FELs at 1.5 Å and 0.4 Å. Electron beam parameters

are at conditioner.

FEL parameters:

Resonant FEL wavelength, λr[Å] 1.5 0.4

Normalized resonant energy, γr 2.8× 104 5.4× 104

FEL parameter, ρ 5.0 × 10−4 2.6× 10−4

Undulator wavelength, λu[cm] 3 3

Betatron wavelength, k−1

β [m] 18 18

Laser parameters:

Laser wavelength, λL[µm] 1.06 0.8

Laser pulse duration, τL[ps] 18 14

Normalized intensity, a0 0.5 0.5

Laser spot size, rL[µm] 65 41

Laser power (Gaussian), PL[TW] 20 14

Laser power (tailored), Pt[TW] 1.0 1.6

Laser energy (Gaussian), UL[J] 371 198

Laser energy (tailored), Ut[J] 19 23

Rayleigh length, ZR[cm] 1.2 0.66

Electron beam parameters:

Normalized beam energy, γ0 97 104

Normalized emittance, εn[µm rad] 1.2 1.2

Beam radius, rb[µm] 15 15

Beam length, σz[mm] 0.8 0.8

Beam charge, [nC] 1 1

beams in large-scale x-ray FELs, in which beam emittance is a limiting factor, the FEL gain

can be enhanced thereby decreasing the overall length and cost of the FEL.

This work was performed under the auspices the U.S. Department of Energy, Office of

High Energy Physics, under contract number DE-AC-03-76SF0098
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